RESEARCH
T he advent of largescale gene expression analysis by microarrays and, increasingly, by RNA sequencing is changing the landscape of molecular biology research. These methods produce large datasets that are informative and reliable, but time consuming to analyze and costly to produce. For these reasons, classic techniques for gene expression analysis like northern blots and realtime quantitative polymerase chain reaction (RT-qPCR) are still effective and widely used for targeted small-scale investigations. These methods can provide insights into gene regulation, protein interactions, novel gene discovery, and biosynthesis steps (Oliver, 2000; Lee et al., 2004; Wolfe et al., 2005) . However, they require normalization of target-gene expression based on the constitutive expression of reference genes in the tissues being investigated.
Reference genes used for expression studies in barley (Hordeum vulgare L.) and other cereals have generally been chosen based on their use in studies of other species (Ferdous et al., 2015; Hua et al., 2015) , often without further validation. This is a problem for two reasons. First, such reference genes may be differentially expressed among species and in tissues within a species,
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ABSTRACT
Reference genes are selected based on the assumption of temporal and spatial expression stability and on their widespread use in model species. They are often used without validation in the studied species. For barley (Hordeum vulgare L.), previous reference gene validation studies have been limited by the number of tissues, cultivars, and/or reference gene candidates assayed. Publically available bioinformatic resources are now available that enable efficient assessment of much larger numbers of candidate genes than is possible with empirical approaches. Expression sequence tag profile viewer data from the UniGene library were used to predict the expression stability of 655 barley genes. The expression profiles of 20 gene candidates predicted to be stable across tissue types were evaluated in eight tissues of the cultivar 'Conlon' by real-time quantitative polymerase chain reaction. The five most stable genes were then tested in the barley cultivars 'Golden Promise' and 'Harrington' and (to test potential applicability to other Poaceae species) in the oat (Avena sativa L.) cultivar 'Hifi'. The traditional reference gene actin and the candidate genes elongation factor EF-2 and malate dehydrogenase demonstrated the most stable expression. The predictive capacity of bioinformatics to identify suitable reference genes was demonstrated. Four genes with better stability than all except one traditionally used reference gene were discovered.
and second, restriction of reference genes to a pool of previously used genes may overlook superior candidates. Although previous studies designed to identify or validate appropriate reference genes for barley have been conducted, each was limited in the numbers of genes, tissues, and/or cultivars. Using microarray-based expression data, Janská et al. (2013) surveyed 13 genes in only two tissues (seedling leaf and crown) subjected to abiotic stress, whereas Ovesna et al. (2012) evaluated 10 genes at five developmental stages of developing barley caryopses. Zmienko et al. (2015) surveyed a large set of 181 genes in senescing leaf tissue only. In addition, many have relied on traditional candidates. For example, Hua et al. (2015) and Ferdous et al. (2015) identified the most stable reference genes from among pools of traditionally used genes including glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and actin. None of these studies examined gene expression in germinating grain, which is the most critical aspect of development to the malting and brewing industry. The current study provides a broader analysis of traditional and nontraditional reference gene candidates across spatially and temporally diverse tissues and diverse cultivars.
The objective of this study was to identify a set of highly reliable and stably expressed reference genes across genetically diverse barley cultivars, and across diverse plant tissues. We used publically available bioinformatic resources for data mining to predict the stability of hundreds of genes across multiple tissues, time points, and conditions. Comparison across these publically available datasets was used to narrow the selection of adequate reference genes and was then followed by experimental validation of the top candidates. Three barley cultivars were selected based on their importance in genetic transformation studies, commercial utility, and genetic diversity. For additional comparison and to test the potential for extending results to other members of the Poaceae, top reference gene candidates were also evaluated in an oat (Avena sativa L.) cultivar.
MATERIALS AND METHODS

Plant Materials
Plant tissues were obtained from 'Conlon', 'Golden Promise', and 'Harrington' barley cultivars and from the oat cultivar 'HiFi'. The barley cultivars were chosen based on their importance for malting (Harrington and Golden Promise) and their use in transformation studies (Conlon and Golden Promise). Based on pedigrees, they are relatively genetically diverse. Harrington (Harvey and Rossnagel 1984) and Conlon (PI 597789, PVP 9700243; USDA, 1997) both have a common parent (Klages), but whereas Klages represented 50% of the initial genetic variation in Harrington (Klages/3/Gazelle/Betzes// Centennial), the pedigree of Conlon is complex and the contribution of Klages is considerably smaller. Furthermore, the areas of adaptation for Conlon and Harrington differ, and their morphology and patterns of growth and development are distinctive (Bregitzer, personal observation). Golden Promise (PI 343079) is a dwarf mutant induced by g radiation of 'Maythorpe' from the United Kingdom and is not closely related to either Conlon or Harrington. None of the cultivars used in empirical analyses were represented in the UniGene expressed sequence tag (EST) libraries used for data mining. For this study, lines derived from single-plant selections of each cultivar were made to reduce or eliminate potential within-cultivar heterogeneity.
Eight tissues were chosen from each cultivar to represent important barley developmental stages: 12-d-old seedling roots and shoots; stems and tiller leaves at the six-tiller stage; caryopses at 0 to 1, 5 to 7, and 12 to 15 d post anthesis (DPA); and seed tissue 4 d postgermination. The latter tissue is unique to this study and highly relevant to studies of gene expression during malting. For each cultivar and tissue type, three biological replicates (separate plants) were assayed. All plants were grown in a greenhouse. The initial experiments were done with Conlon plants, grown at a different time than the Harrington and Goldon Promise plants used for subsequent experiments. Samples were harvested and immediately used for extraction or frozen in liquid N and stored at −80°C.
Bioinformatic Analysis
Candidate reference genes were discovered using estimation of expression stability across publically available expression data. A UniGene (UniGene, 2014) search was performed for barley EST clusters. These data came from studies of a number of cultivars, with 'Barke', 'Hiruna Nijo', 'Morex', and 'Optic' represented by more than two of the 74 EST libraries used. Hiruna Nijo, a Japanese cultivar, and Morex, a six-rowed cultivar adapted to the Midwestern United States, represent germplasm distinct from the two-rowed North American or European germplasm (Munoz-Amatrain et al., 2014) . Barke and Optic are two-rowed European malting cultivars, like Golden Promise, but were both released after Golden Promise, and neither has Golden Promise in their pedigree (Russell et al., 2000; Gottwald et al., 2009) .
Robust, well-represented candidate reference genes were selected by using the search term "Hordeum vulgare 100:20000[ESTC]" to exclude clusters with less than 100 ESTs, resulting in a pool of 689 candidate reference genes. Of these, 665 had EST profiles for a broad range of tissues relevant to this study. These EST profiles were used for estimating gene expression stability. For each cluster's EST profile, the CV was derived from the transcripts per million (TPM) values across leaf, pericarp, pistil, root, seed, spike, and stem tissues. The TPM CV as a measurement of stability of the EST profile could be skewed by outliers or underrepresented data. No outliers were found outside of the calculated threshold of 0 to 140,164 TPM. Underrepresented tissue datasets were excluded below the first quartile of 16,105 TPM and reduced candidate genes from 665 to 430 profiles that contained TPM values for all seven tissues (Supplemental Table S1 ). The clusters were ranked by CV, and the 20 clusters with the lowest CV were selected as candidates for the empirical expression study.
Primer Design and Validation
Barley sequences were acquired from NCBI (NCBI, 2014) accessions linked to UniGene clusters. Oat sequences were predicted
Statistical Comparison of Reference Genes
The RT-qPCR Cq values for candidate genes were evaluated for equality of variances using the Levene's test and for equality of means using the Welch's variance-weighted ANOVA in the SAS Enterprise 7.1 software (SAS Institute, 2014) .
To empirically assess the expression stability across tissues of each candidate gene, the data retrieved from the real time experiments were uploaded to an online data analysis tool, RefFinder (Xie et al, 2012; Baohong Zhang, personal communication, 2016) . RefFinder returned the results from several statistical models used to calculate gene expression stability. Stability rank was assigned to candidate genes using each model independently, and then the ranks were used to derive an overall measure of reference gene stability, the geomean value, for each candidate gene. Low geomean values indicate high stability. The statistical models used were BestKeeper, comparative D threshold cycle (Ct), geNorm, and Normfinder (Vandesompele et al., 2002; Andersen et al., 2004; Pfaffl et al., 2004; Silver et al., 2006) .
Candidate gene expression stability ranking, estimated using CV of the UniGene TPM data, was compared with the empirical rankings, based on geomeans, using a Pearson's correlation test. According to the results of the empirical analysis of all 20 candidates in Conlon, the top five novel candidates and two traditional reference genes (actin and GAPDH) were evaluated in Golden Promise, Harrington, and HiFi tissues. The Cq values for these seven genes in eight tissues were used to calculate geomeans for each cultivar individually, for all three barley cultivars averaged over all tissues and for each tissue independently, and for all three barley cultivars plus oat.
RESULTS
Expression Stability Based on UniGene EST Profile
Unigene EST profiles were used to identify 430 clusters defining reference candidate genes with publically available expression data across seven barley tissues. The CV values from TPM reported for barley leaf, pericarp, pistil, root, seed, spike, and stem tissues were normally distributed, ranging from 0.15 to 2.03 (not shown). The CV of the 20 most stable candidate genes are shown in Table 1 .
Real-Time Quantitative PCR in Conlon
Expression of these top 20 candidate genes was measured in Conlon using RT-qPCR (Supplemental Table S2 ). Within Conlon, candidate genes differed for both the variance (p < 0.005) and mean value (p < 0.0001) of Cq, but Cq of tissues relative to one another was fairly consistent with Cq values for 4 d postgermination comprising at least two of the three lowest values (Fig. 1) . Based on the geomeans, the five most stably expressed candidates in Conlon were (in descending order of stability): Hv. 3271 (superoxide dismutase), Hv. 22901 (malate dehydrogenase), Hv. 9509 (elongation factor EF-2), Hv. 2973 (3-ketoacyl-CoA thiolase-like), and Hv. 20658 (S-adenosylmethionine synthetase 4, Fig. 2 , Appendix 3 in the supplemental material).
by aligning CORE (Oliver et al., 2013) EST libraries from 22 oat lines to the barley NCBI accessions using Sequencher version 5.2.4 (Gene Codes Corporation, 2014) with 85% minimum match, minimum 20 bp overlap, and under the "dirty data" setting. Where possible, primers were designed using sequences homologous between barley and oat. Primer sets for each candidate were first validated using barley complementary DNA (cDNA), and successful assays were evaluated for their performance on oat cDNA. All primer pairs were validated through end-point PCR and gel electrophoresis for specific amplification of single products. Satisfactory primer pairs were then validated for real-time PCR applications by performing a standard curve analysis. Primer pairs were accepted if they produced products of 100 to 400 bp, amplification efficiencies between 90 and 110%, r 2 above 0.98, and single melt peaks (Appendices 1 and 2 in the supplemental material). Primer sets that did not perform optimally using oat cDNA were redesigned specifically for oat sequences. Some primer sets were observed to amplify genomic DNA. To ensure no genomic carryover from RNA extraction interfered in real-time quantification, all RNA samples were run parallel with their cDNA counterparts using primer set 13 (elongation factor 1-a).
RNA Extraction
RNA extraction was performed using the GeneJET Plant Purification Minikit (Thermo Fisher Scientific). Samples were then treated with DNase I and DNase 5´ buffer (New England Biolabs). The RNA was then isolated through LiCl precipitation. Samples with high starch levels (all seeds 4 d postgermination, and oat leaf and shoot tissues) clogged the GeneJet spin columns and were therefore isolated through a Trizol (Thermo Fisher Scientific) extraction method (Rashid et al., 2016) with further purification through LiCl precipitation. RNA samples were observed for quality using gel electrophoresis and optical density readings. Samples showing defined 28S and 18S bands and with values for optical density 260/280 and 260/230 >1.7 were selected for use. The RNA samples were checked for genomic DNA contamination by running them in parallel with cDNA through real-time PCR. Sample cDNA was generated using the iScript kit (Bio-Rad).
Quantitative Reverse Transcriptase PCR
Quantification of transcript levels for each sample replicate (biological replicate) was performed in triplicate using RTqPCR. All reference candidate gene expression measurements were performed using the SsoFast EvaGreen Supermix (BioRad) with the Sybrgreen fluorophore. The standard protocol recommended by the manufacturer was followed using 0.5 mL of each primer pair for each primer set, and 2.5 ng of template cDNA for each tissue. The thermal cycler program was 95°C activation for 30 s, 40 cycles of a melting step at 95°C for 5 s and an annealing and extension step of 60°C, followed by a melt curve step from 65 to 95°C in increments of 0.5°C every 5 s. A CFX thermal cycler and CFX Manager version 3.21 software (Bio-Rad, 2014) were used to generate and analyze the data. Transcript abundance was measured from the cycle in which amplification of the template primer product exhibited fluorescence above the threshold detection level for each target, manifesting as a quantitative cycle (Cq) value.
Quantitative Reverse Transcriptase PCR in Golden Promise, Harrington, and HiFi
The five candidate genes with the most stable expression in Conlon as determined by RT-qPCR, as well as the commonly used reference genes GAPDH and actin, were evaluated in Golden Promise and Harrington barley and HiFi oat using RT-qPCR (Supplemental Table S3 ). The means and ranges for Cq values are shown in Fig. 3 . The geomean rankings of the top five candidate genes plus actin (Hv. 23088) and GAPDH (Hv. 22848) within cultivar (across all tissues) are shown in Table 2 . These data showed that actin was ranked sixth, third, third, and first for Conlon, Golden Promise, Harrington, and HiFi, respectively.
Expression Stability Comparisons
Expression stability within Conlon, as expressed by geomean ranking based on Cq values from three biological replicates of seven tissues, was compared with predicted stability from the data mining, as expressed by ranking the TPM CVs. Within this subset of candidate reference genes (which had been selected based on low TPM CV), there was no correlation between the TPM CV rank and the geomean rank based on expression analysis of these top 20 candidates in Conlon (r 2 = −0.0511, p = 0.8306). For example, the candidate predicted to be the most stably expressed based on UniGene EST profile, NADH dehydrogenase (Hv. 3082), was ninth in overall geomean ranking from RefFinder (and was ranked 11th by the DCt method, 17th by the BestKeeper, 12th by the Normfinder, and first by the geNorm method). The candidate gene predicted to be least stable based on UniGene EST profile, proteasome subunit a type-5-A (Hv. 12544), was sixth in the overall geomean ranking (and eighth by the DCt method, 18th by the BestKeeper, eighth by the Normfinder, and first by the geNorm method; Appendix 3 in the supplemental material). However, none of the candidate reference genes displayed high levels of variability relative to GAPDH and actin (Fig. 2) .
Expression stability across barley cultivars was evaluated by calculating geomeans using the Cq data from all barley cultivars. Among those geomeans, actin was ranked first. The other traditionally used reference gene, GAPDH, was less stable and was ranked seventh for Conlon, Golden Promise, and for all barley cultivars. Superoxide dismutase [Cu-Zn] (Hv. 3271), which was the most stably expressed reference candidate gene based on the data mining and in the empirical RT-qPCR analyses of Conlon, was ranked fifth in stability when all barley cultivars were combined (Table 2) . Table 1 . Stability ranking based on CV of transcripts per million in the UniGene database for 20 candidate reference genes and their validated primer sequences. Genes that were also included in cited studies are underlined. To test the potential for extending results to other members of the Poaceae, the Cq data from RT-qPCR experiments in HiFi oat were included with the barley Cq data to generate geomeans. Using those geomeans, actin was ranked first and GAPDH sixth (Table 2) . Variability in the relative stabilities of reference genes was observed when all available Cq data for each tissue type was used to estimate geomeans (Fig. 4) . For instance, the stability of all seven genes was similar for 5-DPA caryopses, but for other tissues there were differences among the genes.
DISCUSSION
This study used publically available gene expression data to justify the selection of reference genes expected to be expressed at relatively uniform levels throughout the barley life cycle and across many plant tissues, regardless of genotype. The inclusion in this study of multiple tissues sampled at different growth stages, and multiple cultivars that represent significant diversity within elite malting barley germplasm, was intended as a means to identify and eliminate as reference genes those that may have tissue-or cultivar-specific expression patterns. Similarly, the pool of reference gene candidates tested was based on publically available expression data derived from multiple tissues and cultivars. The results, therefore, may be generally applicable to studies of other barley cultivars and tissues, but validation of the utility of these candidate reference genes for cultivars, tissue, or growth conditions not evaluated in this study may be necessary.
Empirical evaluation of the 20 reference candidate genes expected to be most stably expressed on the basis of UniGene EST profile identified some that were more uniformly expressed in Conlon than others. The relative stability ranking among the five most stable genes from Conlon within other cultivars was not uniform. This suggests that all were quite stable, and that the level of variation in TPM reported for experiments uploaded to the UniGene library is a good predictor of variation in expression estimates obtained using RT-qPCR analysis of experiments that compare barley cultivars grown under uniform conditions. The analysis of 655 genes based on expression data in the UniGene database was effective in identifying genes with stable expression relative to the commonly used actin and GAPDH genes. However, within the top 20 candidates, there was little correlation between predicted stability ranking and ranking based on the empirical analyses. This may indicate the limitations of predictions made from publically available data. It is possible that data mining within RNA sequence datasets would produce more precise estimates of relative expression stability among stable genes that would be more accurately reflected in empirical measures. Alternately, the low correlation between rankings may be due to fairly stable expression of all genes in the set, which would suggest that in relative terms, all of these genes may be suitable as reference genes, performing equal to or better than actin or GAPDH in some cultivars or tissues. In Conlon, actin (Hv. 23088) and the top novel candidate genes had similarly low geomean values, reflecting the relatively low levels of Cq variation observed among tissues. Indeed, these genes also had very low coefficients of variation in the UniGene data (CV < 0.3).
Data mining of the UniGene library identified both traditional reference genes and novel candidate reference genes among the 20 genes predicted to be most stably expressed in diverse barley tissues. This coincides with the expectation that, although traditional reference genes have been validated as stable in other studies, there may be untested genes that would better serve as expression references. In addition, the empirically tested genes performed similarly in HiFi oat compared with the barley cultivars. For crops with little published data on gene expression variation, selection of reference genes through data mining using model species data may prove as effective as selection on the basis of traditional usage.
It must be noted that this study looked at reference gene stability under normal plant growth conditions only. Many gene expression experiments are aimed at identifying changes that occur with different environmental exposures. Some reference genes may have expression stabilities that are relative to the treatments applied. For example, Ferdous et al. (2015) found actin to be more stable than GAPDH through five stress treatments, but less stable under nitrate and salt treatments. Janská et al.
(2013) recommended actin as a reference gene for contrasting gene expression under variable temperatures, and GAPDH under variable water treatments. The novel reference genes suggested by these experiments may prove to be more stable under some environmental treatments than others. Thus, it may be advisable to conduct empirical assessments to identify the most stable reference genes for a particular set of experimental conditions.
Similarly, the observed variability in the stability of reference genes in different tissues suggests that the choice of reference genes may vary depending on the tissues in which assays are conducted. In particular, the 0-and 5-DPA tissues exhibited both generally higher geomeans and greater Cq variation among samples. This implies a need for candidate gene selection targeted towards caryopses. Within the other tissues, the observed geomeans covered the range and Cq variation was less uniform. Discounting the 0-and 5-DPA tissues, EF-2 and actin had least variation in Cq values among samples within tissue.
Using the combined barley expression data and extending this to HiFi oat, three candidate reference genes emerged as the most uniformly stable. Actin (Hv. 23088) was the most stable candidate, using both types of combined data. Actin has been used as an expression reference gene in numerous plant and animal species, originally because of its relatively high level of expression in all cells and, perhaps, because of historical use as a reference in nonquantitative assays such as northern blots (reviewed in Huggett et al., 2005) . Recent evaluations of reference genes have questioned the selection of traditional housekeeping genes, such as actin, and examined them for evidence of fluctuations in expression. For example, a detailed evaluation of relative expression during the Arabidopsis Heynh. lifecycle suggested that actin (and GAPDH) expression may be lower than the norm in pollen and seed samples (Czechowski et al., 2005) . Actin expression in barley and oat was stable across the tissues used in this study, but reports of experimental conditions under which actin has proven unsuitable ( Janská et al., 2013; Ferdous et al., 2015) argue the need for additional reference genes to include as controls. Table 2 . The RefFinder geomean stability ranking (from left to right) of candidates GAPDH (Hv. 22848), elongation factor EF-2 (Hv. 9509), malate dehydrogenase (Hv. 22901), 3-ketoacyl-CoA thiolase-like protein (Hv. 2973), superoxide dismutase (Hv. 3271), S-adenosylmethionine synthetase 4 (Hv. 20658), and actin (Hv. 23088). Geomeans were calculated using three biological replicates of seven tissues of each cultivar or combination of cultivars.
Elongation factor EF-2 (Hv. 9509) ranked second in stability when all barley data were combined and fell to third when oat data were added, but expression of this gene was among the top four most stable within all cultivars. Both elongation factors EF-1a and EF-2 act during translation elongation on the ribosome, but unlike EF-1a, EF-2 has seldom been used as a reference gene in plant studies. EF-2 was validated as a reference gene for RTqPCR studies in Lycium barbarum L., where it was among the top five most stable (out of eight genes) based on analysis using the NormFinder algorithm (Wang et al., 2013) . It was also among the 127 gene sequences evaluated as expression controls in tomato (Solanum lycopersicum L.) by Coker and Davies (2003) but was found to have a greater than threefold range of expression in the available EST libraries. Differential expression of EF-2 between drought-susceptible and drought-tolerant rapeseed (Brassica napus L.) lines (Mohammadi et al., 2012) and after cotton (Gossypium hirsutum L.) infection with Fusarium oxysporum Schlecht. emend. Snyder & Hansen (Dowd et al., 2004) suggest that this gene may not be suitable as a reference under some treatments.
Finally, malate dehydrogenase (Hv. 22901) ranked the third most stably expressed when barley data were combined and second when oat data were added, largely because of less optimal performance in Harrington. This is not the first appearance of malate dehydrogenase in the plant gene expression literature. Malate dehydrogenase was been validated as a reference gene in peanut (Arachis hypogaea L.), where it was ranked third most stable out of eight genes by the geNorm algorithm ( Jiang et al., 2011) ; in grapevine (Vitis vinifera L.), where it was ranked fourth to fifth using the same algorithm (Reid et al. (2006) ; and in cacao (Theobroma cacao L.), where it ranked first out of 10 genes in stability across various tissues based on Normfinder (Pinheiro et al., 2011) . A malate dehydrogenase homologue was nominated by Faccioli et al. (2007) as a reference candidate gene for barley using a data-mining process aimed at identifying constitutively expressed genes based on their representation in >32 of 135 cDNA libraries in the TIGR database, but it was not empirically tested for expression stability in that study. Based on TPM CVs, cytosolic malate dehydrogenase was ranked as the 16th most stably expressed wheat (Triticum aestivum L.) UniGene cluster by Paolacci et al. (2009) but was not ranked within the top 10 most stable genes in any empirical study.
In conclusion, these analyses support the use of the traditional reference gene actin (Hv. 23088) as a barley reference gene in many applications. They also identify two additional reference genes, elongation factor EF-2 (Hv. 9509) and malate dehydrogenase (Hv. 22901), that are likely to perform well as expression reference genes in future studies for most tissues.
